We show theoretically a novel route to obtain giant room temperature spin Hall effect (SHE) using surface-assisted skew scattering. By a combined approach of density functional theory and the quantum Monte Carlo (QMC) method, we have studied the SHE due to a Pt impurity in different Au hosts. We show that the spin Hall angle could become larger than 0.1 on the Au (111) surface, and decreases by about a half on the Au (001) surface, while it is small in bulk Au. The QMC results show that the spin-orbit interaction (SOI) of the Pt impurity on the Au (001) and Au (111) surfaces is enhanced, because the Pt 5d levels are lifted to the Fermi level due to the valence fluctuations. In addition, there are two SOI channels on the Au (111) surface, while only one for Pt either on the Au (001) surface or in bulk Au.
I. INTRODUCTION
Exploiting the spin Hall effect (SHE), which converts charge current into spin current in nonmagnetic materials, is one of the crucial issues for future spintronic devices. 1 For practical applications, materials are needed with a large spin Hall angle (SHA), i.e., the ratio between the induced spin Hall current and the input charge current. Recently, a promising candidate has been reported by Seki et al.
2
: a giant SHA of $0.1 was observed at room temperature in a 10 nm thick Au Hall cross with an FePt perpendicular spin injector. This giant SHE was theoretically explained by resonant skew scattering, i.e., spin-dependent deflection of the scattered electrons due to the spin-orbit interaction (SOI) of the Fe impurities in the bulk Au. 3, 4 On the other hand, a small SHA in Au was reported using a 60 nm-thick Au Hall bar. 5 More recent experiments by Seki et al. 6 have shown that the SHA is strongly dependent on the thickness of the Au Hall bar. This implies that surface scattering must be important, because the thinner the film, the more effective is surface scattering.
In this paper, we use a combined theoretical approach to explore effects of the surface by studying the SHE due to a Pt impurity in different Au hosts. We thereby trace a novel route leading to giant SHE due to surface-assisted skew scattering. In this approach, we first formulate a single-impurity and multi-orbital Anderson model 7 within the density functional theory/ local density approximation (DFT=LDA) 8, 9 thus determining the detailed host band structure, the impurity level, and the impurity-host hybridization. Second, we calculate the electron correlations in this Anderson model at finite temperatures by the Hirsch-Fye quantum Monte Carlo (QMC) method. 10 The single-impurity and multi-orbital Anderson model is defined as
where e a (k) is the host energy band, e n are the impurity energy levels and V nka is the impurity-host hybridization. U (U 0 ) is the on-site Coulomb repulsion within (between) the orbitals of the impurity, and J is the Hund coupling between the orbitals of the impurity. The last term is SOI, where for simplicity we consider only the z component.
II. A SINGLE PT IMPURITY IN BULK AU
The LDA calculations are performed by the code Quantum-ESPRESSO. 11 To obtain the hybridization for a Pt impurity in bulk Au, we consider the supercell Au 26 Pt, where a Pt atom is placed at the center of the supercell. Figure 1(a) shows the hybridization function V n (k) :
1=2 between n orbitals of a Pt impurity and bulk Au. It is observed that, at the C point (k ¼ 0), the hybridization value of n ¼ e g (z 2 , x 2 À y 2 ) orbitals of the Pt impurity is smaller than that of n ¼ t 2g (xz, yz, xy) orbitals. In the LDA calculation, we have e n % À2.4 eV for n ¼ e g , and e n % À2.3 eV for n ¼ t 2g with zero Fermi energy. z r z , where ' z r z : n 1: À n 1; À n 2: þ n 2; , and n ¼ 1(2) notes p 1 (p À1 ) orbital. The value of the SOI of 5d orbitals in a Pt atom is k ¼ 0.4 eV. 13 According to the QMC calculations with various U, the nonmagnetic state, which is generally believed to occur for Pt impurities in bulk Au, 14 results for U up to 1 eV, 15 as noted by a vertical dashed line in Fig. 1(b) -(e).
For the n orbitals of a Pt impurity doped in bulk Au, Fig. 1(b)-(d) show the QMC results, at temperature T ¼ 360K, of the temperature times susceptibility Tv n with v n Ð b 0 dshM z n ðsÞM z n ð0Þi and M z n n n" À n n# , the occupation number hn n i with n n : n n: þ n n; , and the spin-orbit correlation function Àh' z r z i as defined above. Based on these QMC estimates, we calculate the SHA c S as in Ref. 4 . As shown in Fig. 1(c) -(e), for U ¼ 1 eV it has n 1 ¼ n 2 ¼ 1.65, h' z r z i ¼ À0.13, and c S ¼ 0.018. Note that predicted c S due to a Pt impurity in bulk Au is also of the order of À0.1 for U ¼ 2 eV [n 1 ¼ n 2 ¼ 1.25, Fig.  2(e) ]. The c S ¼ 0 as n 1,2 ¼ 1.5, and c S changes sign as n 1,2 crosses 1.5. 4 However, we believe this value of U is larger than that for 5d orbital of Pt, and also the sign of c S is opposite to the experimentally measured value.
III. A SINGLE PT IMPURITY ON AN AU (001) SURFACE
To calculate the hybridization for a Pt impurity on Au (001) surface, we consider the supercell Au 62 Pt, which consists of 7 layers with 9 atoms per layer (3 Â 3), and a Pt atom is placed at the center of the top layer. Figure 2(a) shows the hybridization between n orbitals of Pt impurity and Au (001) surface. We note that at the C point (k ¼ 0), the hybridizations of n ¼ xz and yz orbitals of Pt are the same. In the LDA calculation, we obtain the degenerate orbitals n ¼ xz and yz with e n % À0.2 eV, which give the SOI channel of p 1 and p À1 with ' z ¼ 61. Figure 2(b)-(e) show the QMC results at T ¼ 360 K of the Tv n , hn n i, and Àh' z r z i of the n orbitals of a Pt impurity doped on the Au (001) surface. In bulk Au, a reasonable parameter U for Pt impurities is $1 eV, as previously mentioned. On the surface, the U of Pt impurities could increase because of the decreased screening effect there. Thus, as noted by vertical dash lines in Fig. 2(b) -(e), a reasonable range of U for Pt impurities on Au surface may be 1 $ 2 eV.
We calculate the c S for the channel of p 61 as in Ref. 4 . As shown in Fig. 2(c) -(e), for n ¼ p 61 orbitals and U ¼ 1 eV, it has n 1 ¼ n 2 ¼ 0.9, h' z r z i ¼ À0.32, and c S ¼ 0.081. For a larger parameter U ¼ 2 eV, nearly the same SHA is obtained as c S ¼ 0.074. The QMC results show that n n (n ¼ p 61 ) of the Pt impurity decrease from $2 in bulk Au to $1 on the Au (001) surface, implying that the n levels of the Pt impurity on the Au (001) surface are lifted to the Fermi level due to valence fluctuation. 16 As a result, the SOI in the channel of ' z ¼ 61 is enhanced, and the large SHE is obtained.
IV. A SINGLE PT IMPURITY ON AN AU (111) SURFACE
To calculate the hybridization for a Pt impurity on Au (111) surface, here we consider the supercell Au 71 Pt, which consists of 24 layers with 3 atoms per layer( ffiffi ffi 3 p Â ffiffi ffi 3 p R30 ), and a Pt atom is placed at the center of the top layer. Figure  3(a) shows the hybridization between n orbitals of Pt impurity and Au (111) surface. In the following discussion we 
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